1. Introduction
China's natural gas market
China holds the largest natural gas reserves in the AsiaePacific region. Its proved reserves of natural gas rank 13th in the world, with an amount of around 3.8 trillion cubic meters (tcm) in 2015. 1 What's more, according to the estimation of the U.S. Energy Information Administration (EIA), China holds the largest shale gas reserves in the world, with technically recoverable shale gas reserves of 31.57 tcm in 2014. 2 Though there is huge potential for the growth of China's shale gas industry, it stays in nascent stage facing various kinds of challenges. Both production and consumption have risen rapidly in China in recent years, as shown in the following Fig. 1 .
In 2015, natural gas consumption in China rose to 197.3 bcm, ranking the third in the world, just after the U.S.
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and Russia. While natural gas production in China increased to 138.0 bcm in 2015, ranking the sixth worldwide. With rapidly increasing use of natural gas in China, it has become the thirdlargest natural gas consumer worldwide. Natural gas production keeps growing as well, but in a lower rate than that in consumption, causing an ever-increasing gap between natural gas consumption and production. As a result, China has sought to raise natural gas imports via pipeline and as liquefied natural gas (LNG) to fill the gap. Fig. 2 shows China's natural gas imports from 2006 to 2015.
China became a net importer of natural gas ever since 2007. Rapid growth in natural gas demand in recent years has led to an accelerating development of China's LNG and pipeline infrastructure. China's total natural gas imports ranked the 4th in the world, with an amount of 59.8 bcm in 2015. Also, it is now the third-largest LNG importer in the world, after Japan and South Korea.
Energy structure centering on coal as well as the rapidly increasing energy demands are main reasons why a large area of haze is seen in China. The effective haze treatments are largely depending on the optimization of energy mix, in other words, on reducing China's heavy use of coal. However, a huge amount of energy is needed to sustain its rapid economic growth. Under this background, China has to seek for alternate energies to offset the supply gap of reducing coal consumptions. The most practical alternate energy is natural gas within the short term in China. For the past few years, natural gas industry in China has developed fast and natural gas consumption has continuously maintained a double-digit growth rate.
As one of the largest natural gas consumers in the world, China's future demand for natural gas is of much concern. Though China is now the third-largest natural gas consumer, with natural gas consumption of 197.3 bcm in 2015. However, it only accounted for around 5 per cent of the country's total primary energy consumption in that year. According to China's development plan on natural gas, the share of natural gas consumption in its total energy use will rise up to 10 per cent by the year of 2020, in order to alleviate the serious pollution causing by the China's heavily use of coal. That is to say, future natural gas consumption in China is likely to maintain a rapid growth.
Natural gas market in Japan and South Korea
Both Japan and South Korea have limited domestic energy resources, and rely heavily on imported energy to meet their demands. As a result, both Japan and South Korea's domestic natural gas productions are negligible compared to their gas consumptions.
For Japan, after the removal of nuclear power due to the Fukushima plant accident in 2011, Japan's energy selfsufficiency rate fell from 20% to no more than 9%. With its primary energy consumption ranking the fifth in the world, Japan has been seeking for reliable energy sources to meet its national energy demands. Japan's demand for natural gas maintains a comparatively fast growth ever since 2009, while its domestic production is just the opposite, leading to an ever higher gas dependency on foreign countries. Fig. 3 shows natural gas consumptions and imports in Japan. Due to the geographical location as well as other factors, natural gas imports through pipeline to Japan presents serious difficulties. In 2015, Tokyo Gas showed interest in building a gas pipeline which would connect Russia's Sakhalin Island with Japan. However, it is believed that the construction of an underwater pipeline to Japan indicates great risks. As a result, all natural gas imports in Japan are imported as LNG, and it is currently the world's largest LNG importer. Fig. 4 shows natural gas consumptions and imports in South Korea. Similar to Japan, South Korea has an even higher foreign dependency on natural gas and its domestic production of natural gas is very limited. What's more, South Korea does not have any international natural gas pipeline connections and must therefore import all gas via LNG tankers. As a result, although South Korea is not among the group of top natural gas-consuming countries, it is the second-largest importer of LNG in the world after Japan. Despite the recent lower natural gas demand in 2015 (dropped by 8.8 per cent compared to 2014), the fuel remains a significant source of cleaner energy for the nation.
Natural gas demand in East Asia stays at a high level, especially LNG demands. Eastern Asian countries currently account for around three quarters of the global LNG consumption currently. Three final markets in particular provided the bulk of demand: Japan, South Korea and China (the topthree LNG importers worldwide) together took up 55.5% of the world's total LNG consumption in 2015. Future development of natural gas market in Asia is of much concern, due to their fast growing gas demand and high gas dependency on foreign countries.
Research method

Trans-log production function
The trans-log production function is one type of quadratic response surface models in terms of structure, and can be used to analyze the interaction of input factors in production function. This flexible function has both linear and quadratic terms with the ability of using more than two factor inputs. Introduced by [1] , this function can be approximated by second order Taylor series, and can be expressed in a general functional form as follows:
where Y t represents output at time t; a 0 signifies the state of technical knowledge; X 1t and X 2t represent inputs 1 and 2 at time t, respectively; while a 1 and a 2 etc. are technologically determined parameters. According to [2] , the use of this functional form permits one to avoid the imposition of assumptions such as perfect competition or perfect substitution among inputs. The presence of quadratic terms also allows for nonlinear relationships between the output and the inputs. These characteristics make the trans-log production function attractive to researchers due to its flexibility relative to other functional forms. In this manuscript, capital, labor, and four different types of energies: coal, oil, natural gas, and electricity are selected as inputs; thus the trans-log production function can be specified as follows:
In the above expression, Y t represents the output (GDP); while K t , L t , C t , O t , NG t , and E t are inputs of capital, labor, coal, oil, natural gas and electricity respectively; a are the parameters of the inputs to be estimated.
Characterizing the economic region of a linear homogeneous production function, it is possible to calculate the output elasticity of each input from Eq. (2). Output elasticities of different energy inputs can be expressed as:
According to [3] , elasticity of substitution can be described as the relative variation of input proportion of production factors caused by the changes of marginal rate of technical substitution (given the technology level and prices of input factors). In other words, it is a ratio between the percentage change of proportion of input factors and the percentage change of marginal rate of technical substitution. Degree of substitutability among factors can be described by the elasticity of substitution. It shows how will the substitution of one production factor to other production factor change when price of one production factor changes. Elasticity of substitution varies from zero to infinity. A substitution elasticity of zero indicates that these two kinds of production factors can't substitute each other at all, and this situation exists in production functions with fixed input proportion (the Leontief production function); a substitution elasticity of infinity indicates these two production factors can be totally substituted by each other. The elasticity of inter-energy substitution can thus be calculated as (take coalegas substitution elasticity as an example):
Where MP C and MP NG represent for marginal product of coal and natural gas, respectively. From Eq. (7), the final formula used for calculating the substitution elasticities between coal and natural gas in this study becomes 3 :
Hence, the elasticity of inter-energy substitution can be obtained. In this article, r CO , r CNG , r CE , r ONG , r OE , r NGE indicate inter-fuel elasticities between coal and oil, coal and natural gas, coal and o electricity, oil and natural gas, oil and electricity and natural gas and electricity, respectively.
Ridge regression
Collinearity diagnostics provided by SPSS 22 suggests the trans-log model (2) suffers from severe multicollinearity e a statistical phenomenon in which two or more predictor variables in a multiple regression model are highly correlated, thereby violating a basic necessary condition for ordinary least squares (OLS) to be unbiased. To overcome the problem of multicollinearity, the ridge regression approach is therefore adopted, which was proposed by [4, 5] , for estimation, instead of the traditional OLS. For more detailed descriptions and explanations of ridge regression please refer to [6, 7] , etc. For capital K t : data of capital stock at current purchasing power parities for China, Japan and South Korea, from 1985 to 2011, are based on the research of [8] , which are also in constant 2005 U.S. dollars. Capital stock data after 2011 are not provided in their research, as a result, we refer to data of the percentage change of productive capital stock from the previous period, provided by the OECD Economic Outlook database. According to the percentage change rate of each year, data of capital stock for China, Japan and South Korea in 2012 can be obtained.
Data processing
For labor L t : data of employed persons for China, Japan and South Korea from 1985 to 2012 are collected from the China Statistical Yearbook, the Japan Statistical Yearbook and Statistics Korea, 4 respectively. For energy inputs of coal C t , oil O t , natural gas NG t , and electricity E t : we aggregate final user energy consumptions used in different industries. However, there is obvious difference in statistic classification of industry sections among countries. For example, in China's official statistics yearbook, data of final user energy consumption are classified into 7 categories: 1) agriculture, forestry, animal husbandry, fishing; 2) industry; 3) construction; 4) transportation, storage and courier services; 5) commerce; 6) other industries; 7) residential. While data of final user energy consumption from IEA are classified into these following categories: 1) agriculture and forestry; 2) fishing; 3) industry; 4) transport; 5) commercial and public services; 6) other industries; 7) residential. In order to overcome the above problem, here in this paper we define productive use of energy as the difference of total final user energy consumption minus residential energy consumption, and regard it as energy inputs in our production function. Data of China's final user energy consumption for coal, oil, natural gas and electricity are collected from China's statistics yearbook; while data of Japan's and South Korea's final user energy consumption for coal, oil, natural gas and electricity are obtained from IEA Coal Information: OECD Coal Balance, IEA Oil Information: OECD Product Supply and Consumption, IEA Natural Gas Information: OECD Supply and Consumption by Sector, IEA Electricity Information: OECD Electricity and Heat Supply and Consumption, respectively.
Model results
The key issue for ridge regression is the selection of k (the ridge parameter). Ridge trace is a generally accepted approach for the determination of the value of k [9] . The selection of the k is also supported by the variance inflation factor (VIF), an index that measures how much the variance (the square of the estimate's standard deviation) of an estimated regression coefficient is increased due to collinearity (for more details, please refer to [10e12], etc.). Although one may expect small positive values of the ridge parameter to improve the conditioning of collinearity and reduce the variance of the estimates, sensitivity analysis show that the results are not very sensitive to how the value of the ridge parameter is selected. For this reason, this paper relies on the ridge trace plot and VIF ploy together to determine the best value of k. In addition, econometric software package of NCSS 11 is adopted for the ridge regression analysis, which can provide an optimum value of k initiatively. Figs. 5 and 6 are ridge trace and VIF plot of parameter estimates of China's trans-log production model (similar procedures have also been applied to trans-log production models of Japan and South Korea).
The value of 0.026631 is chosen by NCSS 11, as the optimum value of k. Based on the ridge trace and VIF plot, k ¼ 0:026631 is considered to be reasonable, since at this value on one hand that all the coefficients of the variables appear to have stabilized (Fig. 5) , on the other hand the values of VIF of the variables are within an acceptable range: generally, would be no larger than 10 (Fig. 6 ). In addition, Table 1 shows main test statistics with different values of k, indicating 0.026631 is a reliable value for the ridge parameter (as shaded in the table). Results of the ridge regression can therefore be obtained.
China
Based on the selection of k, ridge regression coefficients of the variables are showed in Table 2 , from which China's translog production model can be obtained as:
In order to test the fitting accuracy and stability of the model, historical data of the variables are substituted into Eq. (9) and thus fitted values of Y (GDP) are obtained and compared with the actual value, as shown in Fig. 7 . 
Japan
Based on the selection of k, ridge regression coefficients of the variables are showed in Table 3 , from which Japan's translog production model can be obtained as:
In order to test the fitting accuracy and stability of the model, historical data of the variables are substituted into Eq. (10) and thus fitted values of Y (GDP) are obtained and compared with the actual value, as shown in Fig. 8. 
South Korea
Based on the selection of k, ridge regression coefficients of the variables are showed in Table 4 , from which South Korea's trans-log production model can be obtained as:
In order to test the fitting accuracy and stability of the model, historical data of the variables are substituted into Eq. (11) and thus fitted values of Y (GDP) are obtained and compared with the actual value, as shown in Fig. 9 .
All statistical testing indicators in Tables 2e4, such as the value of R-squared (very closed to 1), standard error (most of them are smaller than 0.01), VIF (most of them are smaller than 1), as well as significance level of regression equation, reflect that the above three models are reliable. More importantly, the accuracy of these models indicates the ridge regression has overcome the multi-collinearity problem efficiently and also all the estimated parameters are statistically significant. 
Possibilities of coalegas substitution in China, Japan and South Korea
Combine trans-log production functions of (9e11) with Eq. (8), elasticities of coalegas substitution in China, Japan and South Korea can therefore be obtained. show elasticity estimates of both coalegas substitution and coaleelectricity substitution to be positive over 1985e2012, suggesting that these two energy input pairs are substitutes at least to some extent. It also indicates that relatively higher substitution possibilities between coal and natural gas, and less opportunities to substitute coal with electricity in China. Similar findings are concluded by [13] in Chinese iron and steel sector [7] , in Chinese transport sector [14] , in Chinese chemical industry, etc.
Coalegas substitution in China
Under the background of climate change and environmental protection, China has to seek for alternate energies to offset the supply gap of reducing coal consumptions. The transition to renewables is unlikely to happen in decades, considering supply security and affordability of renewable energy sources. As a result, as the 'cleanest' fossil fuel, natural gas has gained increasing attention under the global warming background, and it is the most practical alternate energy within the short term in China.
Different from OECD countries where natural gas consumption took up 19.8% in total final consumption in 2012, the number was merely 5.6% in China. China's energy structure is now dominated by coal, with a proportion of 70.6% in total final consumption in 2012. However, with the WesteEast Gas Pipeline as well as foreign-connected gas pipelines being put into operation, China's natural gas consumption in recent years has grown rapidly. Its average annual growth rate Fig. 11 shows elasticities of coalegas substitution and coaleelectricity substitution in Japan, indicating these two energy input pairs are substitutes over 1985e2012. Similar to China, elasticities of coalegas substitution are found larger than elasticities of coaleelectricity substitution in Japan, suggesting higher opportunities to substitute natural gas for coal in the country.
Coalegas substitution in Japan
Coalegas substitution in South Korea
Fig. 12 reveals elasticities of coalegas substitution and coaleelectricity substitution in South Korea, from which a conclusion can be made that both coalenatural gas and coaleelectricity are substitutes, since their substitution elasticities are found to be positive over 1985e2012. Though the results indicate that elasticity of coaleelectricity substitution is higher, elasticity of coalegas substitution is however, increasing steadily.
Conclusions
Sustained focus on rising concerns about climate change have resulted in a proliferation of energy analysis for decades, among which, inter-fuel substitution has caught growing attention of researches and policymakers [15] first analyzed inter-fuel substitution and the industrial demand for energy [16] suggested substitution of natural gas for coal is one means of reducing carbon dioxide emissions. Relevant researches also have been done by [17, 18] , etc. In this paper, a log linear trans-log production function model is established to investigate inter-fuel elasticity of substitution between coal, oil, natural gas and electricity in China, Japan and South Korea, respectively. A ridge regression approach is applied to estimate the parameters of the function. Results and priorities for energy development in China, Japan and South Korea are drawn as follows: 1) Reducing greenhouse gas (GHG) emissions and environmental pollutions require a credible pathway to meet the growing energy demands without increasing coal use, including much more renewable energies of different types, as well as affordable and stable supplies of natural gas. Change, however, cannot come at the cost of economic growth. The results from Figs. 10e12 show all elasticities of coalegas substitution and coaleelectricity substitution in China, Japan, and South Korea to be positive, indicating these two energy input pairs are substitutes. This means it is possible to substitute among different types of energies in these three countries without impacting on the output. 2) The elasticities of coalegas substitution in China are much larger than that in Japan and South Korea, suggesting there is higher possibilities of coalegas substitution in China. This is in accordance with economic reality, especially when taking into account the differences of current structure of the energy mix in primary energy consumption among China, Japan and South Korea. Currently natural gas consumption merely takes up 5.6% in total primary energy consumption in China in 2014; while the proportion is 22.2% and 15.7% in Japan and South Korea, respectively. 6 Taking into consideration of China's international environmental commitments, its pollution problems as well as national natural gas development plan, China could potentially be a much larger consumer of natural gas than it is now. According to [19] , natural gas demand of 330e370 bcm in the medium-term and 500e590 bcm in the long-term should be expected in China, based on logistic modelling approach. Similar conclusions are also made by [20, 21] , etc. 3) Results also indicate relatively higher substitution possibilities between coal and natural gas, and less opportunities to substitute coal with other fuels in China [22] argued that the strong constraint on coal use results in substitution toward other energy sources in China. In order to promote the use of natural gas as a substitute fuel for coal, the Chinese government targeted to increase the share of natural gas in total primary energy consumption up to 10% by 2020. Though [21] argued that this target is unlikely to complete, as China's natural gas consumption market is sluggish currently. However, increasing the ratio of natural gas consumption in China and substituting coal with natural gas are still the optimal approaches to deal with air pollution and smog issues in China. And it is predicted by [23e25], etc., that another round of faster development for natural gas will arrive in China after 2020. 4) Possibilities of coalegas substitution are also found in Japan and South Korea, though may not as high as China. However, this substitution of natural gas for coal would also raise great concern on energy security in these two countries. China hold the largest natural gas reserves in the East Asia, and it is the world's sixth largest natural gas producer in 2014. In contrast, both Japan and South Korea are lack of gas reserves and therefore have limited domestic natural gas production. The research on security analysis of natural gas supply in East Asia has vastly increased, for example [26] , raised the question of whether gas supplies can respond to expanding demand for the cleanest fossil fuel in East Asia, and [27] analyzed indicators of security of natural gas supply in Asia. The heavy reliance on LNG imports in Japan and South Korea Fig. 9 . Model fitting accuracy: South Korea. has become a major uncertainty to their national energy security. As a result, Unlike China, who would pay much attention to reducing the use of coal, Japan and South Korea should focus more on securing their natural gas supplies through means of supply diversification, free market competition and so on.
Appendix.
The trans-log production function in this manuscript is specified as follows:
In the above expression, Y t represents the output (GDP); while K t , L t , C t , O t , NG t , and OT t are inputs of capital, labor, coal, oil, natural gas and electricity respectively; a are the parameters of the inputs to be estimated.
Characterizing the economic region of a linear homogeneous production function, it is possible to calculate the output elasticity of each input from Eq. (1). Output elasticities of inputs K and L can be expressed as:
Elasticity of substitution can be described as the relative variation of input proportion of production factors caused by the changes of marginal rate of technical substitution (given the technology level and prices of input factors). The elasticity of substitution between two inputs can thus be calculated as (take elasticity of substitution between capital and labor as an example):
where MP K and MP L represent for marginal product of capital and labor, respectively. Given that, Combine (4) with (5), then:
Given that,
Thus,
Combine (6) with (10), then:
From (2) and (3), then:
Combine (12e14) with (11), then:
Elasticity of substitution between other input factors can be calculated similarly.
